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We analyze quantum interference and decoherence effects in single-molecule junctions both experi-

mentally and theoretically by means of the mechanically controlled break junction technique and density-

functional theory. We consider the case where interference is provided by overlapping quasidegenerate

states. Decoherence mechanisms arising from electronic-vibrational coupling strongly affect the electrical

current flowing through a single-molecule contact and can be controlled by temperature variation. Our

findings underline the universal relevance of vibrations for understanding charge transport through

molecular junctions.
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Charge transport through single-molecule junctions
[1,2] is a quantum mechanical process. It was first treated
as a purely electronic problem, combining transport con-
cepts and quantum chemical calculations. Similarly, early
experiments focused on the correlation between chemical
structure and transport properties [3–6]. Inspired by the
related process of electron transfer in molecules, which is
strongly dominated by vibration-assisted electronic phe-
nomena, it became evident that a purely electronic picture
is also inadequate in single-molecule transport [7–9].
Vibrations may appear as vibrational side peaks to elec-
tronic transitions [10–14] and constitute a source for non-
linear phenomena [15,16] and bistabilities [17,18]. In
addition, vibrations may also provide a strong decoherence
mechanism in molecular junctions where electron trans-
port is governed by destructive interference effects [19].

In a purely electronic picture, destructive interference is
a built-in property of many molecules commonly used in
molecular junctions [20–25]. It occurs when the current is
carried by quasidegenerate electronic states (QDSs) which,
e.g., differ in their spatial symmetry [see Fig. 1(a)]. In
analogy to a double-slit experiment, these states provide
different pathways (which are not necessarily spatially
separated) for the electrons to tunnel through the molecular
junction. Although their individual contribution to the
current would be substantial, their phase-correct sum cur-
rent can be very small [if the broadened levels overlap
sufficiently; cf. Fig. 1(a)].

Interaction with vibrations may change this result
significantly [19]. As a rule, electronic states couple very
specifically to vibrations; in particular, a different
electronic-vibrational coupling of the QDSs is expected.
Consequently, destructive interference between the in-

volved pathways is quenched, which affects the electron
transmission, i.e., the electrical current. In more general
terms, which-path information is provided by coupling to
the vibrations.
In an experiment, vibrations are inherent to any molecu-

lar junction, in particular, at room temperature. Their
influence can be controlled by systematically varying the
temperature of the junction. When starting at low tempera-
tures T, the influence of vibrations is small. With increas-
ing T, decoherence will continuously be amplified via
enhanced vibrational excitation. Hence, for systems which
exhibit destructive interference, the expectation is an in-
crease of the electrical current with increasing T [cf.
Figure 1(b)].

FIG. 1 (color online). (a) Schematic representation of a single-
molecule junction with two QDSs that are close in energy (��)
and different in their spatial symmetry. (b) In the resonant
tunneling model including vibrationally induced decoher-
ence [19], the current plateaus IðTÞ are sensitive to vibrational
excitation, which can be tuned by temperature. IðTÞ is therefore
a suitable observable to investigate vibrationally induced
decoherence.
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The scope of this Letter is to analyze vibrationally
induced decoherence in single-molecule junctions experi-
mentally, accompanied by a detailed analysis of the mo-
lecular systems using density-functional theory. We have
selected several molecules out of a class of rather typical
molecular wires (conjugated, thiol or pyridine end capped)
[5,26,27]. The employed systems are depicted in Fig. 2. In
contrast to the molecule in the previous theoretical studies
[19], which had a built-in L $ R symmetry, we used
molecules with a reduced symmetry: in particular, mole-
cule 2 has two different end groups in meta and para
position (cf. Ref. [28]). In molecule 3, the conjugated
system is intersected in the center by a � bond, and the
left and right conjugated subunits are spatially twisted by
approximately 75� with respect to each other (leading to
electronic states localized either on the right or on the left
end of the molecular rod). The study of systems 1–3 shows
that L $ R symmetric molecules are only a special case of
a more general class of systems, where QDSs close to the
Fermi energy generate vibration-sensitive interferences.
For a specific molecule, the existence of such states also
depends on the molecule-lead linker group. For example,
molecule 4 has the full L $ R symmetry. However, due to
its pyridine anchor groups, the resulting QDSs are located
remotely from the Fermi energy and do not contribute to
the current. Therefore, it provides a counterexample where
the considered mechanism is not active.

We use the mechanically controlled break junction tech-
nique at cryogenic vacuum conditions to establish single-
molecule junctions at atomically sharp, freestanding gold
tips, and record current-voltage characteristics (I-V’s)
[3,29]. We restricted our investigation to a temperature
range of 8 to 40 K, where the geometric structure of the
junction is stable under temperature sweeps (see below).
Above 40 K, the junctions exhibit hysteresis and/or irre-
versibilities of the I-V’s.

Typical I-V curves are sketched in Fig. 1(b). The current
flowing through a molecular junction is suppressed, as long
as the voltage V is sufficiently low that the electronic levels

of the junction are located outside the energy window
defined by the two chemical potentials �L and �R in the
left and the right leads, respectively [V ¼ ð�L ��RÞ=e].
This range of bias voltages defines the nonresonant trans-
port regime. If one or more electronic levels are located
within the bias window ½�L;�R�, resonant transport pro-
cesses occur. The transition is indicated by a steplike
increase of the current level that remains almost constant
for larger voltages unless another electronic state enters the
bias window. This plateau often has a slightly positive
slope, as quasicontinously new vibrational side channels
are added, which can hardly be resolved [14]. It is on this
first plateau in IðVÞ where the analysis of the temperature
dependence of the current level is carried out. It is particu-
larly suited because in the resonant tunneling model (with-
out vibrations) it is not affected by thermal broadening, i.e.,
the temperature dependence of the Fermi distribution func-
tion in the leads.
The temperature dependence of the electrical current

flowing through a single-molecule junction has been con-
sidered before [7,30–33]. However, the experimental phe-
nomenology presented in these papers is different and the
previous discussion focused on effects that occur at much
larger temperatures (*150 K) and/or in the nonresonant
transport regime.
First, we present data on a blind experiment using a pair

of gold electrodes without molecules. The question is
whether the setup is sufficiently stable with respect to
temperature variations. A temperature sweep from 10 to
33 K does not show significant variations of the tunneling
current at low bias [&0:2 V; see Figs. 3(a) and 3(b)]. At
higher bias, though, irreversible drifts are observed at
T > 22 K. This small instability presumably occurs due
to atomic rearrangements at high electric fields at the tips.
This behavior is quite common in the absence of a bridging
molecule, but we learned from many experiments that a
bridging molecule stabilizes the junction and allows for
stable conditions up to� 1:5 V at low T [4]. We conclude
that in the temperature range considered the electrode pair
provides a stable distance.
We now investigate the temperature dependence of the

current flowing through a single-molecule junction. We
first present data obtained with molecule 1 [see Fig. 3(c)].
The I-V characteristics show a typical behavior: a fairly
symmetric blockade region up to �0:43 V at 11 K and
subsequently a steplike transition to a current plateau
which, however, is less symmetric. When measuring the
very same junction at T ¼ 30 K, two changes are evident.
First, the blockade region is slightly reduced to �0:35 V.
Second, the current level taken at the first plateau of the I-V
characteristics is significantly increased. This becomes evi-
dent in Fig. 3(d), where the current level at �1:0 V [cf.
arrows in Fig. 3(c)] is plotted versus temperature. In con-
trast to the blind experiment, a clear increase of the current
by about 65% is observed, which remains reversible up to

FIG. 2 (color online). Overview of the molecular systems
investigated.

PRL 109, 056801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 AUGUST 2012

056801-2



T � 40 K. Again, at higher temperatures, we observe a
drift. This phenomenology is qualitatively reproduced for
several samples.

We continue by seeking more examples for this effect
and investigate molecules 2 and 3. For all thiol end capped
molecular wires (1–3), we observe qualitatively and repro-
ducibly the same effect [see Fig. 3(d)]: an increase of the
current with temperature that is intrinsic to the molecular
junction, as inferred by the blind experiment.

The observed current increase IðTÞ is too large to be
explained by the well known vibrationally assisted tunnel-
ing effects. To understand the underlying mechanism, we
analyze theoretically the transmission of molecular junc-
tion 3, which shows the most pronounced temperature
effect in the experiment. For the clarity of the argument,
we do not present the full theoretical treatment, as in [19],
but restrict ourselves to a discussion of the respective
transmission function. The transmission function is ob-
tained by employing a model based on first-principles
electronic structure calculations [19,34] within Landauer
theory [1]. The result is depicted by the solid black line in
Fig. 3(f). Peaks in this transmission function indicate that
electrons can tunnel resonantly through the junction.
Accordingly, the first plateau in the current is related to
the peak closest to the Fermi level �F. For our example, this
is the small peak at �� �F ffi �1 eV (see the inset).

This peak results predominantly from electron transport
processes through two electronic states. The corresponding
orbitals are shown in Fig. 3(e). They represent symmetric
and antisymmetric combinations of molecular orbitals
localized in the left and the right parts of the molecular
bridge. If we take into account electron transport
through just one of these states, we obtain transmission
functions, which are depicted by the dotted red and dashed
blue lines in Fig. 3(f). Both states are located relatively
close in energy (��� 0:02 eV) and are strongly broad-
ened (� 0:5 eV). This is what we termed QDSs [cf.
Fig. 1(a)]. The broadening is a result of the strong coupling
between the molecular bridge and the leads mediated by
the sulfur end groups. The results show that electron trans-
port through these states is governed by pronounced de-
structive quantum interference effects [19], which reduce
their relatively large individual transmission function to a
small peak at �� �F ffi �1 eV. Note that the occurrence
of QDSs is quite general and can be found in many mo-
lecular wires, irrespective of L $ R symmetry.
Electronic-vibrational coupling can strongly quench

such interference effects [19], leading to substantially
larger electrical currents. This quenching is enhanced the
more strongly the vibrational degrees of freedom are ex-
cited. A normal mode analysis of molecular junction
3 shows a broad distribution of vibrational modes located

FIG. 3 (color online). I-V and I-T characteristics (a),(b) for gold electrodes (blind experiment), (c) for molecule 1, and (d) for
molecules 1–3, respectively. The temperature-dependent current IðTÞ recorded at the first plateau is the key observation indicating
vibrationally induced decoherence. (e) Molecular junction 3 provides a pair of QDSs located next to the Fermi level. The
corresponding wave functions differ in symmetry. (f) Transmission functions for electron transport through molecular junction 3.
The individual (broadened) peaks associated with the QDSs 1 and 2 at �� �F ’ �1:7 eV are relatively strong, but their phase-correct
transmission (states 1þ 2) shows only a very small peak at this energy due to destructive interference. When including all states, this
peak is shifted to �1:0 eV below �F.
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on the molecular bridge. Their frequencies range from
1.2 meV to 0.4 eV, including 10 modes with a frequency
lower than 10 meV (approximately 2kBTmax). Among these
modes is the torsion (3.7 meV) around the central � bond
which is particularly important for the coupling of the left
and right conjugated subunit, forming states 1 and 2 in
Fig. 3(e). Increasing the temperature in the leads from 8 K
to Tmax ¼ 40 K leads to a substantial excitation of these
modes and, via the thus enhanced vibrationally induced
decoherence, to a larger current level. This correlates well
with the experimental findings [see Fig. 3(d)].

In order to test the correlation between a temperature
dependence of the first current plateau and the appearance
of QDSs, we sought a counterexample. As the observed
effect is robust even for asymmetric end groups, we se-
lected a completely different system: molecular wire 4,
which involves pyridine- instead of thiol-anchoring
groups. The corresponding transmission function of this
junction, which is depicted by the solid black line in
Fig. 4(a), shows a number of peaks close to the Fermi
level. Each of these peaks can be associated with a single,
nondegenerate electronic state of this junction. This can be
inferred by comparison to the dotted red, dashed blue, and
dash-dotted gray lines representing the transmission proba-
bility for electron transport through individual states of the
junction. This analysis shows that quantum interference
effects and vibrationally induced decoherence are not
expected to play a dominant role for electron transport
through this junction.

The experimental results confirm this prediction: the
temperature dependence of the first current plateau is in-
deed flat for the pyridine end capped wire 4, as displayed in
Fig. 4(c). We conclude that the comparison of various
molecules reveals a clear correlation: when QDSs are
present, the first current plateau rises with temperature; if
not, a temperature dependence is absent. This gives con-
vincing evidence that decoherence due to coupling to
vibrations plays an important role in single-molecule
charge transport.

Another independent experimental strategy to test the
relevance of decoherence is to modify the coupling to the
leads via mechanically stretching the junction. We ob-
served in the past that for thiol end capped molecules an
Ångstrom-scale stretching of the molecular bridge often
resulted in an increase of current, despite the fact that the
opposite behavior is observed in empty tunnel junctions.
We previously assumed that this modifies the transparency
by altering the sulfur-gold bonding angle. With the given
model at hand, another explanation occurs: when the cou-
pling of the two QDSs to the leads is reduced, their mutual
overlap becomes smaller and destructive interference ef-
fects are weakened. Experimentally, this would result in
(i) a larger current level and (ii) a reduced temperature
dependence.
We can test this conjecture by observing the temperature

dependence upon stretching the junction. This was done
experimentally for molecule 3 [displaying a T dependence;
see Fig. 4(b)] and 4 [displaying no T dependence; see
Fig. 4(c)]. For molecule 3, the current level increases
upon stretching [in line with previous observations and
prediction (i)] by a factor of 2–3. This can be interpreted
as the reduction of destructive interference, but also differ-
ent explanations may apply. It is instructive to analyze
again the temperature dependence: for molecule 3, the
relative increase of current, �IðTÞ=I, is 230% in the given
temperature range. This value reduces to 35% upon
stretching, in line with (ii).
Again, the situation is different for molecule 4, which

has no QDSs close to �F: using the same protocol, the
current level is slightly reduced upon stretching, since
interference plays a minor role [see Fig. 4(c)]. The insen-
sitivity to temperature, however, is maintained. The differ-
ent response upon stretching gives additional support to the
picture that resonant electron transport through the thiol
end capped molecular junctions is governed by destructive
interference.
We now revisit the irregular shape of the I-T character-

istics of molecule 2. When a strong built-in asymmetry is

FIG. 4 (color online). (a) Transmission function for electronic transport through molecular junction 4. The black curve is the
superposition of the three individual contributions. In this molecular junction, the states close to the Fermi energy are not
quasidegenerate and no destructive interference occurs. (b),(c) I-V and I-T characteristics upon stretching of molecular junctions 3
and 4, respectively.
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given, the current level is sensitive to charge reconfigura-
tion at high bias [5,16]. This mechanism may also be af-
fected by vibrations, and therefore additional temperature
effects are not unexpected, in particular, for molecule 2
with its strong contact asymmetry.

To conclude, our studies reveal that the electrical current
flowing through a single-molecule junction in the resonant
transport regime exhibits an intrinsic temperature depen-
dence. By analyzing four molecules experimentally and
theoretically, this temperature effect can be correlated with
the presence of QDSs, which give rise to destructive quan-
tum interference. When increasing the temperature, the
low-frequency modes of the junction are excited, which
enhances decoherence and thus increases the current. We
expect this phenomenon to be important for a broad class
of molecular wires where QDSs are close to the Fermi
energy, irrespective of symmetry conditions. Its impact on
the transport characteristics will be significantly more
pronounced at room temperature. The effect underscores
that vibrations play a crucial and nontrivial role in elec-
tronic transport through molecular junctions.
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